The Meteosat Second Generation (MSG) programme consists of a series of 3 geostationary satellites, the objectives of which were defined by the European meteorological community led by the European Space Agency (ESA) and the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT). The development and procurement of MSG is under the responsibility of ESA. Alcatel France leads an industrial consortium of more than 50 European companies which develop, manufacture, integrate and test the spacecraft. The main payload, the imaging radiometer called Spinning Enhanced Visible and InfraRed Imager (SEVIRI), is developed by Matra Marconi Space France.
I. Introduction
The MSG satellite series are being developed with the goal of providing a meteorological mission in the geostationary orbit starting from the year 2000. A significant improvement will be realised if compared to its predecessors. The improvements of the meteorological products and services focus namely towards:
-A faster image production to give more rapid and more frequent access to atmospheric data for weather forecast applications and especially to support "nowcasting" activities;
II.
Mission Description
The imaging mission corresponds to a permanent imaging of the Earth using a baseline repeat cycle of 15 minutes. The images are obtained by a continuous bidimensional earth scan:
-a line scan performed from East to West (E/W) by the satellite spin motion at 100 rpm around the satellite longitudinal axis, which is oriented colinear to the Earth rotation axis and -a South to North (S/N) scan by means of a scan mirror rotation of 250 µrad per line up to the fullfilment of the useful range of 18° needed for the Earth disc coverage.
The SEVIRI Imaging Radiometer design incorporates many features which will enable advancements in meteorology through state-of-the-art performances on pointing accuracy, simultaneous multi-spectral imagery and radiometry. SEVIRI is a 50 cm diameter aperture, line-by line scanning radiometer which provides image data in four Visible and Near InfraRed (VNIR) channels and eight infrared (IR) channels. The VNIR channels include the High Resolution Visible (HRV) channel which contains 9 broadband detection elements to scan the Earth with a 1 km sampling distance at SSP. All the other channels (including the IR channels) are designed with 3 narrow band detection elements per channel, to scan the Earth with a 3 km sampling distance. The full Earth disc image is obtained after 1250 scan line steps of 9 km SSP per line step. The 100 rpm satellite spin allows to complete the full image in about 12.5 mn. A flip flop mechanism is activated to put the onboard black body in the optical path for the instrument calibration. The black body is removed after about 2 secondes from the calibration position. After that, the scan mirror moves back to its initial position. The Earth observation is resumed (after retrace during ~2 mn) leading to an overall repeat cycle of maximum 15 minutes. The Radiometer/Imager Earth imaging principle is illustrated in figure 1 . The overall SEVIRI description can be found in Reference 1 and 2. The 12 imaging channels are described hereafter :
-Two visible channels VIS 0.6 and VIS 0.8 are used to provide cloud and land surface imagery during daytime. These wavelengths help in the discrimination of vegetated surfaces from clouds at different periods of the year and in the determination of the vegetation index and aerosol loads.
-The NIR1.6 channel is used to discriminate clouds from snow and water clouds from ice clouds. In combination with the 2 visible channels VIS0.6 and VIS0.8, it improves the observation of aerosol, soil moisture and vegetation index.
-The HRV Channel is implemented in support of the nowcasting : it is the continuation of the previous Meteosat Programme, with improved resolution.
-The IR6.2 and IR7.3 channels are used to determine the water vapour distribution in two distinct layers of the atmosphere. They are also used in combination with the long wave IR window channels for temperature and altitude determinations of thin clouds (which can appear warmer than they are because of earth background) and potentially also for wind determination in cloud free areas.
-The four channels IR3.8, IR8.7, IR10.8 and IR12.0 provide continuous cloud coverage along with temperature estimate of clouds, land and sea surfaces. IR3.8 is especially used at night to detect fog and very low clouds (it is less usefull during day time as the sun illumination is not negligeable at this wavelength).
-Channels IR9.7 and IR13.4 are used to fulfil the Air Mass Analysis mission and improve the Basic Multi-Spectral Imaging, Cloud Motion Vectors and Surface Parameter Performances.
-Channel IR 9.7 belongs as well to the ozone absorption band and is used for the monitoring of the upper atmosphere, mainly tropopause features and stratospheric winds. It may also monitor the total ozone content.
-The IR13.4 lies in the CO2 absorption band and is selected to be used for cirrus discrimination, cloud top pressure evaluation, cloud track and wind height assignment.
III. SEVIRI Engineering Model: Thermal Vacuum Performance Testing
This chapter will describe the Optical Ground Support Equipment (OGSE) and the test conditions as applied for the SEVIRI engineering model.
III.1 Description of the OGSE and the environmental tests
The OGSE consists of the following sub-units :
• A Multi-purpose Sources Assembly (MSA) to provide target images including two black bodies which temperatures are adjustable from 140 K to 353 K, an integrated sphere simulating the Earth visible radiance (with adjustable radiance level), a rotating disk simulating the in-orbit cycle (alternative viewing of Earth and deep space), a 'static disk' for the KEF measurements and a 'dynamic target' with various periodic patterns for dynamic SFR measurements. The KEF and SFR measurements will be explained later.
• A diffraction limited collimating telescope (COL) to collimate the beam emitted by the MSA.The beam is large enough to fill the SEVIRI entrance aperture.
These 2 equipements are supported by a trolley with adjustment capabilities and a control rack to monitor the whole set-up.
The satellite and SEVIRI thermal environment mapping has been performed at an earlier phase of the project since a thermal vacuum test was realised at Structural and Thermal Model level. It is however to be noted that the SEVIRI is thermally decoupled from the satellite. This paper is limited to the thermal environment at which SEVIRI is submitted during Thermal Vacuum (TV) test:
-Cold telescope environment (~20°C) and cold focal plane environment corresponding to summer solstice (the IR focal plane will be regulated at 85 K);
-Warm telescope environment (~30°C) and warm focal plane environment (the IR focal plane will be regulated at 95 K). This thermal environment corresponds to winter solstice.
These two test conditions will be used for radiometric and imaging performance tests, including calibration. In table 1, the conditions applied during ambient and TV tests are shown. TP2 up to TP5 are performed in thermal vacuum. TP1  TP2  TP3  TP4  TP5  TP6 During these measurements, the OGSE will be in a stable thermal environment to avoid any movement induced by it. Knife Edge Functions (at both ambient and TV) and theodolite (for Visible channels only) methods will be used for this characterisation. During TV test, the theodolite is used only to verify the mechanical stability of both the OGSE and SEVIRI.
Test Phase

III.2 On-ground Calibration Process Description
The calibration of the imaging radiometer is one of the most difficult tasks since it involves a good knowledge of the sources to be used for the calibration. The OGSE used for this on-ground calibration is described in the previous chapter. The gain determination process could be the subject of an entire paper and cannot be detailed herein.
The principle of the IR calibration is based on the signal acquisition for two different temperatures of the internal calibration reference source. The first temperature is the black body floating temperature, noted T cal , the second temperature is the black body temperature reached after a heating sequence, noted T cal+∆T . In practice, the difference between the two measurements is around 15-20 K. From the Telescope and Structure Assembly (TSA) temperature measurements and from the optical characteristics of the telescope and the scan mirror, the front telescope temperature T FT can be computed as hereafter :
where ξ is the linear central obscuration ratio, ν is the linear field stop ratio resulting from the telescope optical design. ε and Tr are respectively the emissivity and mean transmission of the considered optics including transmission loss due to contamination. M1,2,3 are the telescope mirrors and the subscript scan stands for scan mirror. The temperatures of the optics are obtained through the MSG telemetry data provided with the image data. TFT is simply the weighted mean temperature of the TSA as seen by the detectors. The acquisition of the internal blackbody signal at the two different temperatures gives the SEVIRI outputs C 1 =C(T cal ) and C 2 =C(T cal +∆T). The Radiance Restitution Process is first applied to these 2 data :
which gives at the end :
with B standing for the Planck function and L for the radiance.
The on-ground calibration process is of course impacted by the OGSE background, which shall be corrected as for the radiance response determination which is discussed later in chapter IV. The correction of the calibration signal is simple since it is the correction of the OGSE induced background ∆C tst (0) computed with the OGSE thermo-optical parameters. Potential electronic gain modification which may have occurred between the radiance response test and calibration have to be taken into account as well. As soon as the correction of the output signal is performed, the gain determination process becomes identical to the in-orbit process, but its accuracy is degraded by the uncertainty on the OGSE background radiance.
The calibration performed during TV test have been processed in order to retrieve the instrument gain and to compare it to the expected gain derived from the OGSE radiance knowledge. Five complete calibrations were performed during TP3, TP4 and TP5. From the gain obtained by the calibration process, the OGSE radiance error is computed using the black body characteristics. For calibrations, the error between the OGSE and the on-board black body radiance is lower than 1.5 K at T dyn (for the definition of T dyn , see reference 1). The OGSE scene radiance cannot be determined accurately by SEVIRI internal calibration.
It can be concluded that the gain determination process supported by the radiance response process allows the actual gain of SEVIRI to be determined using the on-board calibration black body. Using appropriate correction of the test data (including the OGSE radiance model), the on-ground radiance response of the imaging radiometer is processed to give the radiance response. This radiance response will be used in orbit for the radiance restitution process and the calibration of the IR channels. The graphs in figure 1 show two calibration examples with their equivalent radiance errors. 
IV Thermal vacuum Performances: Radiometric and Imaging
This chapter will discuss the performances as obtained from the various characterisations at ambient and in the thermal vacuum environments.
IV.1 Radiometric Performance Characterisations
The SEVIRI instrument radiometric performance characterisations will focus onto the determination of parameters such as Radiance Response (RR) and its associated non-linearities, the validation of the on-board calibration process and the measurements of radiometric noise and drift. Note that SEVIRI radiometric performances are verified with constant and uniform targets as specified at system level. During the EM test campaign, the data recorded for the radiometric characterisations corresponds to :
• the Dynamic Offset Correction (DOC) and the image data as a mean value at chain and channel level ;
• the standard deviation of the image data from which the noise is determined at chain and channel level.
It is not the goal of this paper to go through all the radiometric formulae used for theses characterisations. However, some definitions will be given to ease the understanding of the reader and wherever necessary, a shortened formula will be provided.
The DOC value corresponds to the residual background (self emission of the instrument) present in the recorded signal. This value is automatically computed by the Main detection Unit (MDU) during Deep Space Window (DSP) viewing by averaging 4096 samples. The DOC value (one per chain) is automatically subtracted by the MDU from the image data during Earth Acquisition Window (EAW) viewing. The DOC value is stored for each detection chain within the auxiliary data and then transmitted to the spacecraft data handling system together with the image data at each acquisition line. Note that the DOC value is coded over 12 bits (ranging from 0 to 4095).
The image data mean value (corresponding to one line) consists of samples coded over 10 bits, ranging from 0 to 1023. This ends up being 5751 samples for each HRV chain and 3834 samples for each of the other detection chains. A set of data is defined as the concatenation of the data lines corresponding to several consecutive EAW and corresponding to the same configuration (i.e. same illumination level and same detection chain parameter settings). The following notation is used for a sample within a set of data : C(i,j,c,l) where i is the channel number (1 to 12), j is the chain number (1 to 9 for HRV and 1 to 3 for standard channels), c is a programmable sample column number within a data line (c from 1 to nc=5751 for HRV and nc=3834 for other channels). For c, note that it starts from 10 in the formula ; this is due to the MDU digital filter initialisation which needs 9 samples. l is the number of the corresponding data line within the set of data. For these tests, l will range from 1 to 10 for practical reasons (instead of the 1250 lines for a full image).
The imaging radiometer output signal can be approximated as following : The mean values defined below includes the offset C no (in LSB 10 bits) corresponding to the programmable numerical offset (NO) introduced in the MDU digital processing in order to avoid clipping of the data (C no = NO * 2 q /4). The count Cno has to be systematically substracted from the counts ( )
If we consider the case at chain level, we can obtain the mean value and its standard deviation as following:
The same principle is applied at chain level and as well at channel level over a set of value. However, before the fine chain setting at testing level is set or if there are important differential non-linearities between chains, the output mean values might be significantly different. In this case, the following formulae of channel mean value and channel standard deviation is applied :
with J=9 for HRV and J=3 for the other channels. Of course this definition at channel level requires that the C no of all chains of a channel must be equal. ( )
with Lo determined by :
is the chain or channel mean value as defined previously. This corresponds to a constant and uniform scene (perfect black body) whose radiance at the channel central wavelength is L o . L dyn corresponds to the upper limit of the channel dynamic range. C no (i) is the numerical offset of channel i (at MDU ouput) which is assumed identical for all chains of that channel.
The SEVIRI data processing on-ground and in-flight are different due to the fact that the DSW cannot be perfectly simulated during on-ground testing. Indeed the OGSE background is not negligible when compared to the instrument background. This additional background introduces an offset to the operating point of the radiometer which slightly modifies the radiance response and the calibration process.
With these data processing solutions, the Radiometric Noise and the Radiance Response measurements were performed during the engineering model thermal vacuum testing. Three testing phases are to be recalled : TP3 corresponding to the IR focal plane regulated at 85K with a cold operating environment of the Telescope and Structure Assembly (TSA), TP4 corressponding to the focal plane at 95K with a cold operating environment of the TSA and TP5 corresponding to the focal plane at 95K with a hot operating environment of the TSA.
For the RR testing, the data in counts is a function of the radiance seen by the SEVIRI radiometer. The fitting of the nonlinearities has been performed using second order polynomials. The agreement on non-linearity figures between predictions and measurements is quite satisfactory for IRPC channels with the exception of IR10.8 at both 85K and 95K. The agreement is very poor with IRPV channels, nevertheless the level of non-linearity is sufficiently low to have only negligible impact on the RR of the SEVIRI radiometer. In addition, the measurement accuracy could not allow a consistent interpretation. There is no impact on radiometry expected at MSG satellite level. The only parameters which might affect the radiometric performances is the contamination. This parameter is considered negligible since special means will be taken to maintain the contamination level within the planned budgets.
The noise performances displayed in 
IV.2. Imaging Performance Characterisations
In this paragraph, one has to distinguish between 2 types of tests even though the two of them are linked :
• the geometric imaging performed mostly at ambient environment for the determination of the stability of the line of sight of SEVIRI before and after enviromental tests such as thermal vacuum and vibrations ;
• the Spatial Frequency Response (SFR), the sampling distance and the co-registration which are considered as optoelectronic imaging tests are performed in thermal vacuum.
IV.2.1. Geometric Imaging Performances
One of the most important parameters for the geometric image quality is the scanning process. The geometric image quality is based on the scanning performances in both E/W and S/N directions, including the sampling accuracy and the overall stability of the imaging radiometer. For the E/W imaging and scan area, the main contributors to the performance determination are the Start Of Line (SOL) delay and jitter, the masterclock jitter and the accuarcy of the delays provided by the Main Detection Unit (MDU) to the imaging pixels. The master clock runs at 3.73 Mhz. The E/W sampling distance is defined as
where H is the orbit height (35786 km), Ω S/C is the rotation of the spacecraft (S/C) at 100 rpm and T sampling is the sampling clock period.
The SEVIRI sampling in the E/W direction is 8/3 µsec for the HRV channel (corresponding to 2 km SSP) and 8 µsec for standard channels. The error of the E/W sampling distance, specified to less than 170 ns (64 m SSP) at SEVIRI level, is meeting the requirements with a considerable margin as demonstrated by the engineering model (20 ns error). The E/W testing is performed in thermal vacuum
For the S/N, the sampling error does not have the same contributors depending on which pair of rows are considered. It is reminded that a scan line corresponds to 250 µrad (9 km SSP). The S/N sampling distance for HRV is 1 km SSP whereas 3 km for the other channels. The sampling accuracy is impacted namely by the scanning non linearity and slope accurarcy, the line to line error within the scan range including the pointing and the overall stability of the overall scan assembly, telescope (magnification ratio, initial alignment) and focal planes (alignment and magnification). The latter one includes the intrinsic alignment of the detectors (within the arrays), the S/N alignment of the detector package supports and the measurement accuracy of the detector positioning at SEVIRI level. Indeed, 3 lines are scanned at a time by three detectors placed at the focal plane. With this logic, the scan step contributes to the sampling distance between line 3 and 4 but does not for other line pairs. The other contribution of the satellite instabilities to these performances will only be discussed at the end of this paper.
The error in sampling here is specified to be less than 18.5 µrad (660 m SSP as a 2σ value over the image area). The thermal map applicable to SEVIRI is shown in Figure 2 . The sensitivity to the applicable thermal environments has shown a satisfactory behavior. The thermoelastic analyses have shown that in S/N direction the LOS variation in eclipse is reasonnable. The computation which allowed to reach this results has been performed with the scan mirror position at 39.5 o . The same computation at 50.5 o shows equivalent medium and short term variations. The differences are mainly due to the variation of the drive unit thermoelastic expansion at different scan mirror positions. These results demonstrate that the SEVIRI geometric imaging requirements are met with margins. The tests and analyses applied have also demonstrated that the most critical items are well secured. The SEVIRI scan law is measured at Scan Assembly (SA) level. The results have shown satisfactory behaviour. The test performed at SEVIRI level for the determination of the scan law is done at ambient (temperature at 22 o C +-3 o C, class 100 cleanroom, 40-60% relative humidity) using theodolites. For the main pointing characterisation at SEVIRI level, the objective is to verify that the scan law has not evolved from SA level to SEVIRI level as well from SEVIRI level to the environmental test including the integration into the spacecraft. If any evolution occurs, it has to be characterised (namely offset and slope variations, line to line error). It shall be noted that the on ground scan law measurement cannot correspond to the in flight conditions (0 g and spin conditions) which is assessed by analysis only and will not be discussed here. As far as the S/N sampling distance error, the scan offset and the pointing stability are concerned, it can be concluded that the SEVIRI engineering model meets the geometric imaging requirements with large margins.
The Central Line Of Sight (CLOS) instability due to thermoelastic distortions of the radiometer is one the most important contributor to the instrument geometric imaging errors. The CLOS stability is measured in vacuum at two extreme temperatures of the telescope thermal cases during the SEVIRI thermal vacuum test. The results of this measurement were used for the SEVIRI geometric performance verification whilst validating the thermoelastic model.
From the KEF in both E/W and S/N directions (performed in thermal vacuum), the position of the detectors used for the CLOS definition in the OGSE image frame have been computed, giving the corresponding detector pointing directions in the OGSE frame for both thermal cases. The evolution of the radiometer reference cube orientation to the OGSE cube when compared for both thermal cases, gives the SEVIRI global rotation with respect to the OGSE frame. By substracting the SEVIRI global rotation to the CLOS pointing variation, it is possible to deduct the pointing variation in the radiometer frame. Using the above described methods, the stability of SEVIRI is demonstrated as far as the line of sight and its overall geometric parameters are concerned (see Fig. 2 and 3) . 
IV.2.2. Opto-electronic imaging performances :
The SFR determination objectives are two-fold :
-to provide on-ground characterisation allowing to determine the SEVIRI Radiometer/Imager modulation Transfer Function (MTF) ;
-to provide on-ground measurements for the verification and characterisation of the SEVIRI co-registration error (including its internal IFOV sampling accuracy, namely pixel positions).
The SFR measurements are performed at SEVIRI level for the verification of the following parameters: MTF (amplitude of the SFR) for each channel, MTF difference within channels, phase non-linearity, inter-channel spatial registration and spatial frequency attenuation. The SFR includes both the amplitude and the phase response. The linear part of the phase is used to determine the co-registration.
The SFR measurements performed at SEVIRI level consist of two different tests :
1/The static step by step Knife Edge Function (KEF) measurements per chain in both E/W and S/N directions allow also to extract the sampling distance in the S/N direction, excluding the E/W where electronic effects are involved.
2/ The dynamic measurements for the retrieval of the E/W response to periodic targets scanning in front of the instrument in the E/W direction. The objective of these dynamic measurements is to allow the computation of the MTF, the phase and the dynamic E/W inter-chain registration.
We are not going to discuss the SFR measurement theories in this paper and will limit ourselves to the relationship between electrical and spatial frequencies which can be written as
where Ω is the spacecraft spin rate and H its altitude.
The global E/W dynamic behavior can be written as follows
The principle here consists in imaging onto the detectors, periodic targets simulating various frequencies moving at the nominal speed (here 6000 rpm). The values of the MTF and the phase will be measured only at few selected frequencies lower than the Nyquist frequency. The sampling of all the chains is determined by the master clock provided by the spacecraft. A sampling delay is applied to each chain by the adjustment facility implemented in the MDU. This delay correspond to a correction of the position of the detectors within the FOV. It is considered that all the chains are sampled at the same time using a regular sampling target. Thus, the outputs of the different chains must be considered as phased numerical samples with a sampling period of 3 km (1 km for HRV).
The mean amplitude of the spatial frequency response has been computed by averaging the complex MTF of each detector of each considered channel. The following observations were made :
All the MTF measurements (KEF and dynamic MTF) are within their specifications with enough margin to allow absorbing measurement errors and focus evolution during in-orbit lifetime. The most sensitive channel is HRV. However, with a defocus of up to 2.8 mm, the HRV channel still meet the specification. All the measured MTFs are very close to the predicted values. This allows to determine a very good correlation between the mathematical model and the measurements. In addition, two channels which were defocused as a result of the design of the engineering model (aplanat not meeting specifications for channels IR10.8 and IR12.0), meet also their specification. It is as well demonstrated that the MTF is very stable with respect to the simulated thermal environment and this during the whole test duration. In the following graphs ( Fig.4 and Fig.5 ), one can see the results of the MTF characterisations.
For all channels, the amplitude difference between chains meets the requirements. The phase non-linearity is determined for each channel and at each measurement thermal conditions. Note that for the static measurement, the phase non-linearity increased with frequency. This is due to the origin of the slope of the phase. By choosing another slope (with a negligible impact on the position of the Point Spread Function (PSF) centroid), the phase non-linearity is reduced to a negligible value. This observation is valid for all channels where this phenomenon occurs. The non-linear term is reproducible with an accuracy of 2 degrees. They all fit to the specified templates.
For the co-registration error, the test has been performed during TP4 with the IR focal plane being regulated at 95 K. The KEF is used for the MTF and then the PSF centroid is applied for the determination of the position of each pixel for both S/N and E/W directions. The observations made are as following :
-The measured position of each pixel is corresponding to the characterisation performed at Focal Plane level ;
-The S/N co-registration error for all channels is fully within specifications (200 m for IR, 20 m for VNIR, 10 m for HRV).
The Table 3 : Resulting data after dynamic registration. (*) correspond to an erronous point due to the scan mirror movement (1 line accuracy = 9 km) between TP5 and TP6.
The registration results shown above (table 3) is computed with HRV detector 1, VIS0.6 detector 1 and IR6.2 detector 1 taken as references. The measurement accuracy is about 0.2 km SSP in worst case for all channels. The static values given here allow to consolidate the results. Only 0.3 km difference is seen between static and dynamic measurement, which is compatible to both measurement errors.
The determination of the best focus between the different phases of the test was also performed thanks to the refocusing mechanism in the SEVIRI design. After that, it is demonstrated through the various test phases that the focus of the MSG imaging radiometer is stable for all channels. 
V. Conclusion
The enviromental tests applied to the Engineering Model of SEVIRI Imaging Radiometer have proven positive demonstration of the instrument performances. In radiometry, including noise, long term drift and spectral responses, all the specifications are met for the beginning of life. When margins and sensitivity analyses are applied both experimentally and by computation, it shows that the end of life performances will be also met. The on-board calibration process has been validated which is one of the main parameters for securing the absolute radiometry. The imaging requirements (MTF, S/N and E/W sampling distances, co-registration, etc.) are met as well with margins large enough to meet the end of life performances. In addition, the instrument focus and its pointing stabilities are within the specifications with large margins. The test results of the SEVIRI Engineering model indicated the validity of the design of the Imaging Radiometer with respect to the requirements.
